The degree of methylation and cyclisation of bacteria-derived branched glycerol dialkyl glycerol 2 tetraether (GDGT) membrane lipids in soils depends on temperature and soil pH. Expressed in 3 the Methylation index of Branched Tetraethers (MBT) and Cyclisation ratio of Branched 4
seasonal effects on the distribution of branched GDGTs in soils, at least at mid-latitudes, and 23 therefore no direct evidence for a bias of MBT-CBT reconstructed temperatures towards a 24 certain season of optimal growth of the source bacteria. If, however, there is a slight seasonal 25 preference of branched GDGT production, which can easily be obscured by natural variability 26 due to the heterogeneity of soils, then a seasonal bias may potentially still develop over time due 27 to the long turnover time of branched GDGTs. by the GDGT-synthesizing microbe to ambient conditions in order to maintain the cell 44 membrane in a liquid crystalline state, which is necessary to carry out essential cell membrane 45 functions. In soils, the ambient temperature to which branched GDGT-producing bacteria adapt 46 their cell membrane is most certainly soil temperature. As soil temperature data were not 47 available in the global soil dataset studied by Weijers et al. (2007c) , a correlation was made 48 between branched GDGT distributions and annual mean air temperature (MAT), under the 49 assumption that soil and air temperature are strongly related to each other and, on a yearly 50 average basis, do not differ substantially from each other. Since these branched GDGTs are 51 preserved in the sedimentary record, this relationship between MBT-CBT and annual MAT 52 could be used as a proxy to reconstruct past temperatures (Weijers et al., 2007c) . 53 54 After initial application in the Congo deep sea fan to reconstruct past MATs for tropical Africa 55 since the last deglaciation (Weijers et al., 2007a) , the MBT-CBT proxy is increasingly being 56 used to reconstruct past MATs. These include, amongst others, deglacial Amazonia (Bendle et  57 al., 2010) and East Asia (Peterse et al., 2011) , the middle Pleistocene of southwestern North 58
America (Fawcett et al., 2011) , the Miocene of northwestern Europe (Donders et al., 2009 ), the 59 Eocene-Oligocene boundary for East Greenland (Schouten et al., 2008) , the early Eocene of the 60 900 mm (KNMI, 1997 The time series from the U.K. was obtained from a grassland soil from the long-term 138 experimental research platform site at Rowden Moor near Okehampton (Devon, SW England). 139 Southwestern England is characterized by a humid maritime climate, which means that, in 140 contrast to the U.S.A. soils, seasonal extremes in temperature are smaller and that soil 141 temperature is above freezing point virtually all year round. The annual MAT at this site is 9.6°C 142 and the mean annual precipitation is 1056 mm (Harrod and Hogan, 2008) . The soil has a silty 143 clay texture and remains very wet from autumn until early spring due to the virtually 144 impermeable clay layer at 30 cm depth (Harrod and Hogan, 2008) . Samples were taken from the 145 control plot, a gently sloping undrained meadow that receives no fertilizer, although cows graze 146 the meadow for a defined period during the year. The vegetation consists of Lolium perenne with 147 patches of Juncus effuses. The soil was sampled at eighteen time points from November 2008 148 until November 2009. In order to minimize effects caused by the heterogeneous nature of a soil, 149 sampling was performed by taking five 30 cm long cores with a 3 cm diameter augur in an X-150 shape over an area of approximately 30x30 m. The short cores were sliced in 10 cm depth 151 increments and stored at -20°C until sample processing. Upon freeze drying and removal of the 152 grass cover, the 0-10 cm interval increments were pooled and powdered using a ball mill and 153 subsequently extracted. Meteorological data (air temperature, precipitation and soil temperature 154 at 10 cm depth, all at hourly resolution) were obtained from the on-site official UK MET The soils from Elk Lake watershed and Bath Nature Preserve were processed at the Large Lakes 175
Observatory of the University of Minnesota, Duluth. Soils were freeze-dried and homogenized 176 with mortar and pestle after removal of root clumps and other large pieces of soil debris. Around 177 10 g of soil were solvent extracted using a DIONEX Accelerated Solvent Extractor (ASE) using 178 in n-hexane/dichloromethane (DCM) 9:1 (v/v) at 100 ºC and 7.6 x 10 6 Pa to obtain a total lipid 179 extract (TLE). TLE aliquots were evaporated under nitrogen until dry, re-dissolved in n-180 hexane/DCM 9:1 (v/v) and applied to an activated Al 2 O 3 column. Apolar and polar fractions 181
were eluted with n-hexane/DCM 9:1 (v/v) and DCM/methanol (MeOH) 1:1 (v/v), respectively. (Fig. 1) . Daily soil temperatures as measured in the Minnesota, Ohio and Rowden Moor 269 soils showed lower extremes than the measured air temperature due to the heat capacity of soils. 270
Among the Minnesota soils, the pine plot showed slightly lower amplitudes in soil temperature 271 than the open field plot and a delayed response to warming in spring, both most likely as a result 272 of the insulating effect of the vegetation cover. This effect was less pronounced for the Ohio 273 soils. Unfortunately, the thermistor from the deciduous plot in Ohio could not be recovered and 274 the one from the deciduous plot in Minnesota malfunctioned, so we did not obtain in situ 275 temperature data for these soils. Under the assumption that the temperature in the deciduous 276 forest soil will not deviate substantially from the temperature in the pine forest soil, the latter was 277 used for comparison with the MBT-CBT derived MATs in the deciduous forest soil. For all soils 278 for which in-situ soil temperature data were available, the annual mean soil temperature was 279 higher than the annual MAT (Fig. 1) . In the Minnesota and Ohio soils this was mainly due to the 280 fact that winter soil temperatures never reach far below freezing point. For Rowden Moor soil 281 this is principally due to soil temperatures in summer that are about 2°C higher than air 282 temperatures, probably due to the insulating effect of the grass cover at night. This difference 283 between mean air and mean soil temperature was smallest in the pine forest soil in Ohio (0. ± 1250 ng g -1 dws for the pine forest and 310 ± 170 ng g -1 dws for the deciduous forest (Fig. 2b) . 296
Annual averaged branched GDGT CL concentrations for the Texel and the Rowden Moor 297 grassland soils were 600 ± 120 ng g -1 dws (Fig. 2c ) and 1600 ± 300 ng g -1 dws (Fig. 2d) , 298 respectively. In the Minnesota open field soil, the Ohio soils, the Texel soil and the Rowden 299
Moor soil no seasonal trend in branched GDGT CL concentrations was apparent (Fig. 2) . For the 300
Minnesota pine forest and deciduous forest soils somewhat higher concentrations seem to be 301 present in July and August. For the Rowden Moor soil, precipitation data were available, but no 302 relation with precipitation was found. 303 304 MBT-CBT reconstructed temperatures (based on the CLs) remained constant throughout the year 305 in all soils, with variations in MAT estimates within the same soil usually < 5°C in the 306
Minnesota and Ohio pine forest soils (Figs. 3, 4) , <3°C in the deciduous forest and open field 307 soils from the same sites (Figs. 3, 4) , <2°C in the Texel soil (Fig. 5) and <1°C in the Rowden 308
Moor soil (Fig. 6) . The observed variations did not coincide with seasonal variations in soil 309 temperature. The average MBT-CBT derived temperatures for the Minnesota soils were 10.3°C 310 ± 1.2°C (standard deviation) for the open field site and 9.9°C ± 1.9°C for the pine site, which are 311 clearly warmer than the annual MAT of 3.8°C but closer to the annual mean soil temperature of 312 8.2°C at the open field site and 6.0ºC at the pine site (Fig. 1) . For the Ohio soils, the average 313 MBT-CBT derived temperatures were 8.4°C ± 0.9°C for the open field and 12.6°C ± 1.6°C for 314 the pine plot, which are both close to the annual MAT of 9.9°C and the measured annual mean 315 soil temperature of 10.4°C at the open field site and 10.0ºC at the pine site (Fig. 1) . Strikingly, 316
MBT-CBT reconstructed temperatures for the deciduous soils in both Minnesota and Ohio were 317 high, i.e. 14.0°C ± 0.9°C and 19.2°C ± 1.0°C, respectively (Figs. 3, 4) . This is 10.2 and 9.6°C, 318 respectively, higher than measured annual MAT and 8.0 and 9.2°C, respectively, higher than 319 annual mean soil temperature under pine forest (Fig. 1) . Unfortunately, no soil temperature data 320 were available for both deciduous plots, but it seems unlikely that these would be that much 321 higher than under pine forest. This makes these soils the only two in this set of eight to give 322 reconstructed MATs that show offsets to measured temperature larger than the standard error of 323 estimate of the soil calibration dataset of ca. 5.5°C (Weijers et al., 2007b) . The reason for this 324 deviating pattern is, at present, not clear. For the Texel soil, the MBT-CBT reconstructed 325 temperature based on the CLs was 7.1°C ± 0.8°C, which is slightly lower than the annual MAT 326 for this area of 9.4°C (Fig. 1, 5 ). Of the eight soils sampled, the reconstructed temperature based 327 on CLs in the Rowden Moor soil was the most stable throughout the year at 11.1°C ± 0.7°C, 328 which is close to annual MAT of 9.6°C and equal to the annual mean soil temperature of 11.1°C 329 (Fig. 2, 6 ). One exception is the sample from May 15 th that gave a reconstructed temperature of 330 9°C. This is clearly lower than the reconstructed temperature for the sample taken a week earlier 331 
0°C). Except for 391
April and July, the difference between the estimated temperatures from both fractions was <1 °C, 392
i.e. within analytical error. In the Rowden Moor soil, temperature estimates based on GDGTs 393 from the IPL (acid-hydrolyzed) fraction differed slightly more from the estimates based on the 394 CL fraction (Fig. 6 ; average 10.6°C ± 2.2°C). IPL based temperature estimates were either up to 395 2.4 °C higher (September) or down to 3.4°C lower (February) than the CL based estimates of the 396 same months. Although these two extremes might suggest some kind of adaptation, it has to be 397 noted that higher IPL-based than CL-based temperature estimates also occurred in winter and 398 lower estimates in summer. A Student's t-test shows that IPL-derived MAT estimates for the 399 warm part of the year (in this case defined as May -October) were not significantly higher than 400 CL-derived MAT estimates, and that IPL-derived MAT estimates for the cool part of the year 401 (November -April) were only just significantly lower than CL-derived MAT estimates, in both 402 cases at a 95% confidence interval. This indicates that the data indeed are scattered and that there 403 is no unambiguous clear trend in IPL-derived MAT related to seasonal changes in temperature 404 (Fig. 6) . 405
406
These results suggest that, as with the CL branched GDGTs, the turnover of IPL-derived 407 branched GDGTs in soil is rather slow, albeit perhaps faster than for CL branched GDGTs. (Fig. 2d) . Comparison with the yield of the acid-hydrolyzed IPL aliquot, which 425 was ca. 150 ng g -1 dws and represents the sum of phospho IPLs and glycosidic IPLs, suggests 426 that the majority of the branched GDGT IPLs contain ester bound phosphate head groups. Given 427 that glycosidic branched GDGTs might even be enriched in abundance over time relative to the 428 phospho IPLs due to their supposedly slower degradation rate, this suggests that the amount of 429 glycolipids produced by the branched-GDGT synthesizing bacteria is small relative to the 430 phospholipids. This is in apparent contradiction with the work of Liu et al. (2010) who only 431 found glycosidic head groups for the branched GDGTs, although it needs to be stressed that this 432 was in a peat bog rather than a soil. 433
434
If the branched GDGTs released upon base hydrolysis are derived from (more labile) 435 phospholipid branched GDGTs, then they may be a better reflection of the living bacterial 436 population. However, also in the base-hydrolyzed fraction, GDGT concentrations showed no 437 relationship with temperature over the seasons (Fig. 6) . The MBT-CBT reconstructed MAT 438 based on the base-hydrolyzed IPL fraction (average 10.7°C ± 2.1°C) also showed no noticeable 439 difference with temperatures reconstructed for the acid-hydrolyzed fraction or the CL fraction 440 (Fig. 6) . Except for June (-1.2°C), the differences between reconstructed MATs in the acid-and 441 base-hydrolyzed samples were within 1°C, and thus within analytical uncertainty. In fact, this 442 similarity is not strange given that the majority of IPLs seems to consist of phospho bound IPLs, 443 which are measured in both the acid-and the base-hydrolyzed fraction. Thus, the small 444 
